ABSTRACT: Infrared reflectance spectra of Li-, Na-, K-, Rb-and Cs-saturated samples of montmorillonite Zenith-N (Milos, Greece) have been measured in the 400-1300 cm I region in an attempt to elucidate the behaviour and migration properties of alkali cations after heating the montmorillonites at 300~ for 24 h. Deconvolution of the complex Si-O stretching band reveals that the component band that arises from the asymmetric stretching vibrations of the silicon-apical oxygen units exhibits the biggest change upon heating the montmorillonites. The normalized absorption area of this band has been correlated with the decrease in the layer charge due to the cation migration. Analysis of the IR data for each alkali-saturated montmorillonite has shown that only Li § migrates near, or to, vacant octahedral sites.
have shown that a montmorillonite clay saturated with small cations, such as Li +, loses its cation exchange capacity (CEC) after heating at 200 300~ for 24 h. This phenomenon was attributed to the migration of the Li + cations from the interlayer space to vacant octahedral sites, where the cations are trapped and simultaneously provide local charge compensation. Other researchers proposed a different migration mechanism based on the location of Li + cations at the bottom of the hexagonal cavities of the basal surfaces (Tettenhorst, 1962; Luca & Cardile, 1988) . Several infrared (IR) studies have been reported in favour of the first hypothesis, most of them focused on the frequency regions where the stretching or librational modes of the hydroxyl groups occur (Calvet & Prost, 1971; Sposito et at., 1983) . Recently, Alvero et al. (1994) as well as Heller-Kallai & Mosser (1995) observed that the migration process also disturbs the Si O vibrations in the IR spectra of montmorillonites. Madejovfi et al. (1996) and Komadel et al. (1996) observed that the gradual decrease in the layer charge from the Li migration leads to a shift of the Si-O-stretching bands to higher frequencies and to formation of non-swelling, pyrophyllite-like layers. They attributed these changes to the migration of the Li + cations to three different sites in the montmorillonite structure. Recently, the longitudinal-optic (LO) and transverse-optic (TO) vibrational modes of thermally treated montmorillonites were investigated and large differences in the Si-O vibrational pattern were found between Li-and Cs-saturated samples (Karakassides et al., 1997) . However, it remains unclear how the migration process of Li + cations influences the Si-O vibrations and the clarification of the role of Li + evidently requires further investigation.
Data on decomposition (fitting) of complex Si-O vibration bands in the IR spectra of smectites are not common in the literature. Recently, Yan et al. (1996) decomposed the Si-O-stretching bands in the spectra of montmorillonites when investigating the sorption of interlayer water. Here we present a systematic IR study of a montmorillonite clay, saturated with different alkali cations, in order to understand the dependence of Si-O vibrations on the specific interlayer alkali cation and its tendency to migrate into the clay framework.
MATERIALS AND METHODS
The montmorillonite used in this study was from the island of Milos, Greece, with a code name Zenith-N (OCMA) and the following chemical composition:
Nao.63K0.oTCao. 11 [SiT.75Alo.zs]-A 3+ 9 { 13.21Mg0.69Feo.osT10.05 } O2o(OH)4
The sample was fractionated to <2 I.tm by gravity sedimentation and purified by standard methods. The CEC of the clay was measured by the Co(II) method (Rhodes & Brown, 1994 ) and found to be 80 mEq/100 g.
Samples with different interlayer cations, i.e. Li +, Na +, K +, Rb + and Cs +, were obtained by treating the original Na+-montmorillonite four times with the corresponding 1 M alkali chloride solutions. The samples, after washing with deionized water, were transferred into dialysis tubes in order to obtain chloride-free clays and subsequently dried in air at room temperature. A portion of each alkalisaturated montmorillonite was heated at 300~ for 24 h in order to study the migration process. The samples were then pressed into pellet form (2000 psi) and were immediately transferred to the spectrometer to avoid the possibility of rehydration, which affects the spectra. Using a pressed powder minimizes orientation effects in the reflectance spectra.
Infrared spectra were recorded by means of the specular reflectance method. This method was chosen instead of the more familiar KBr-pellet transmission technique, because the latter often leads to partial sorption of water from the air and, in turn, to inconsistent IR data. By taking advantage of the capabilities of modern Fourier transform spectrometers, the IR reflectance spectra were obtained in pellets without the use of a dispersion matrix. The reflectance data were analysed by Kramers-Kr6ning inversion to yield the real absorption coefficients of the samples.
The IR reflectance spectra were measured with a Nicolet 550 IR spectrometer equipped with a Specac variable angle attachment. Each spectrum was the average of 100 scans collected at 2 cm -1 resolution by means of unpolarized radiation at an incident angle of 10 ~ to normal. The KramersKr6ning analysis of the spectra was performed by a programme which yields the real and imaginary parts of the refractive index and the dielectric constant (Karakassides et al., 1997) . The absorption coefficient, a, was then calculated through the equation a = 4~w"/n where e" is the imaginary part of the dielectric constant, n is the refractive index and v the frequency (era-l).
Band deconvolution was performed using the Microcal Origin (Version 5.0) peak fitting program. In practice, we have chosen the minimum number of bands that give a reasonable agreement between experimental and calculated spectra. It was also assumed that the component bands of the Si-O vibrational envelope have Lorentzian profiles (rather than Gaussian shape) since this lineshape gave the optimum fit. The position of each band and its bandwidth intensity are parameters determined by the program by minimizing the squares of the deviations between experimental and simulated spectra.
RESULTS

AND DISCUSSION
The absorption coefficient spectra of an air-dried and a heat-treated Li+-montmorillonite are shown in (Farmer & Russell, 1964) . The main changes were observed in region (a) after heating the sample (Fig. 1 ). The intensity of the band at 1052 cm 1 was drastically attenuated, whereas a new band at 1071 cm -t became the strongest in the spectrum. In addition, the band at 1121 cm 1 shifted upwards in frequency and increased in intensity. In frequency region (b) the most significant change was the disappearance of the 918 cm -1 band and its replacement by a broad band centred at 928 cm -1. The third region (c) was less sensitive to heat treatment, probably, due to the nature of vibrations occurring in this region. The deconvoluted spectra for an air-dried and a heat-treated Li+-montmorillonite in region (a) and in the high-frequency part of region (b) are shown in Fig. 2 . By using four component bands, denoted CB1-CB4, a satisfactory agreement between simulated and experimental spectra was obtained for the spectrum of an air-dried sample. The deconvolution results from region (a) are in agreement with previous IR studies from the Si O vibrational pattern of montmorillonites (Lerot & Low, 1976; Yan et al., 1996) . Specifically, the band envelope between 950 1250 cm -/ was assumed to consist of four bands arising from the asymmetric stretching vibrations of the Si-O bonds (Lerot & Low, 1976) . The band near 1080 cm 1 (CB2) arises from the stretching vibrations of the silicon-apical oxygen units (O atoms shared by tetrahedral and octahedral sheets) which are perpendicular to the layer sheets, whereas the other three bands (CB1, CB3, CB4) are from the Si O stretching vibrations within the tetrahedral sheet, that are parallel to the layers (Farmer & Russell, 1964) . From the deconvoluted spectra ( Fig. 2) it was seen that the intensity of the component band CB2 increased drastically upon heating, whereas the intensities of the bands near 1050 cm 1 (CB3) and 1015 cm 1 (CB4) were reduced. The component band (CB1) also showed an increase in intensity upon heating. In region (b) the deconvoluted spectrum of the heat-treated Limontmorillonite was fitted with two components bands, A and B. We believe that the addition of component B was required because of the relatively large bandwidth observed for band A in the spectrum of heat treated Li-montmorillonite. Previous studies (Calvet & Prost, 1971) have shown that heat treatment causes a decrease in the intensity of the 918 cm 1 band coupled with a shift of this band to higher frequencies. These changes have been attributed to the perturbation of OHvibrations by the presence of Li + cations which have migrated into the sheet. We suggest that component B has a similar origin. In the context of this analysis it is interesting to examine the Si-O vibrations of different alkalisaturated montmorillonites. Figure 3 shows the absorption coefficient spectra of M-montmorillonites (M = Li, Na, K, Rb, Cs) in the frequency region 800-1250 cm l, before (a) and after (b) heat treatment. All spectra were scaled to give the same intensity for the 475 cm 1 band which seemed to be unaffected by beating (Fig. 1) . No significant differences were observed in the spectra of the air-dried montmorillonites (Fig. 3a) . However, the spectra of the heat-treated Li-and Na-montmorillonites showed significant changes in the peak frequencies and absorption profiles that were more pronounced in the Li-sample (Fig. 3b) . Deconvolution of the absorption profiles (Fig. 4) revealed a significant increase in the relative intensity of the component CB2 for Li-and Namontmorillonites. In contrast, the component bands CB3 and CB4 decreased in intensity and the fourth component band CB1 remained nearly constant.The parameters for the fitted spectra are listed in Table 1 .
The key question arising from the deconvolution results is the origin of the intensity variations in the component bands upon heating. Recently, the following sum for the integrated absorption of a polarizable medium has been used to study the deconvolution data from amorphous materials (Kamitsos et al., 1993) :
where c is the speed of light, So the permitivity of the free space, a(v) the frequency dependent absorption coefficient (in cm-1 
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F~G. 3. Infrared absorption spectra of (a) air-dried; and (b) heat-treated alkali-saturated montmorillonites.
index spectrum) remained constant upon heat treatment, and m* retained its value as heat treatment does not affect the local symmetry around silicon (Tennakoon et al., 1986) . On the other hand, the number (N) of oscillators per unit volume will probably change with heating, as more oscillating units will be hosted in a given volume. However, this change is expected to have an analogous effect on all Si-O components because of the random distribution of the clay platelets in a given volume. The presentation of the sample as a pellet of pressed powder as well as the constant local structure of the layers upon heat treatment support this argument. We are therefore justified in concluding that the effective charge qefr is the decisive factor for the observed spectral differences (Figs. 2, 4) . In the light of these considerations, it is interesting to examine in which way the migration of small cations, such as Li--, disturbs the layer charge and hence the IR spectrum. It is well known that the Li + cations can enter into the hexagonal holes, after removal of interlayer water by heating, and can probably be hosted in empty octahedral sites. In these positions the Li + cations, by interacting with the negative charge of the octahedral sheet, reduce the magnitude of this charge on the octahedral sheet (Jaynes & Bigham, 1987) On the other hand, the intensity of an IR band depends on the value of the dipole moment g given by g -q. r, where q is the effective charge and r is the distance of separation. In this way any change in qeff and therefore in the dipole moment gradient O~t/Or will be reflected in the <A> value of the corresponding IR band. According to eqn. (1), any change in qeff of the Si-Oapical bonds will be accompanied by an analogous change in <A>, as a result of variation in the intensity or in the bandwidth of the corresponding Si-Oapical IR band . This is what we observe experimentally, i.e. the intensity of the band CB2 from the Si--Oapical vibrations shows a significant increase upon heating. The conclusion is that the migration of Li § cations into the octahedral sheets produces a significant variation in the intensity of Si--Oapical vibrations which can be attributed to an analogous variation in the corresponding qeff of the oscillating units. The decrease in the charge of the sheet seems to produce an opposite variation in the intensity of the other Si-O vibrations. Similarly, Katajima et al. (1990 Katajima et al. ( , 1991 found that the frequency of the Si-O vibrations for synthetic F-micas was influenced by the nature of the cations in the tetrahedral or octahedral isomorphic substitution positions as well as by the field strength of the interlayer cation. The authors suggested that changes in the restoring forces between Si add O generated by variations in the layer charge, can in turn cause frequency shifts. Furthermore, they observed that the changes in the charge of the sheet perturb these vibrations in a different way.
Specifically, the peak frequencies of the Si--Oapical vibration, which develop dipole moments perpendicular to the sheet, moved to lower frequencies upon increasing the tetrahedral sheet charge whereas the same sheet charge variations caused an upward shift in the frequency of vibrations of silicon-basal or bridging oxygens (Si--Ob,sal--Si), which develop tetrahedra. Although we have used the areas of the 1R bands in order to elucidate the origin of the observed spectral differences instead of peak frequencies, the tendency for the observed changes is similar, i.e. different behaviour of Si-Oapical and Si--Obasal vibrations.
In Fig. 5 the integrated intensity of the CB2 band before and after heating, normalized to the whole IR Si-O envelope <A>2, is plotted vs. the ionic radii (r) of the cations. Clearly, the values of the <A> 2 for the air-dried samples were nearly the same for all cations indicating a constant value for qeff according to eqn. (1). This is because the various alkali cations are at a nearly constant distance from the negative charges of the octahedral sheet. In addition, the dielectric pond of water molecules which surrounds these alkali cations and layer oxygens minimizes their electrostatic interactions and thus the effect from the different field strength of each cation has a small effect on the qeff value of the Si-Oapical bonds. In contrast, the <A>2 values derived from the spectra of heat-treated Na-, K-, Rb-and Cs-montmorillonite increase with decreasing cation radius. The Li especially shows an enormous increase in <A>2 (Fig. 5) . This trend in <A>2 can be understood if we consider that the removal of water molecules by heating reinforces the Coulombic interactions between the interlayer cations and the layer oxygens. In addition, the cations have the tendency to move towards the negatively charged sites. This movement is influenced by their size and particularly Rb § (1.48 ,~) and Cs + (1.69 A) (Shannon, 1976) are too large to enter fully the hexagonal holes (1.35 A). Accordingly, only minor changes in <A>2 between the spectra of air-dried and heattreated samples saturated with these cations were expected (Fig. 5) . For the other cations, the relative increase in <A>2 entails corresponding changes in qefr according to eqn. (1). Evidently, access to sheet charges will be inversely proportional to the cation radius, since the smaller the cation the larger its anticipated penetration into the sheet. Such behaviour is depicted in Fig. 5 where a systematic increase in <A>2 was observed as the cation size, Li + (0.60 A.), Na + (0.95 A) and K + (1.33 A) decreased.
It is obvious that the effect of Li migration on <A> 2 is much greater than for the Na or K cations (Fig. 5 ). In addition, the Li migration also perturbs the A1AIOH vibrational band envelope, as indicated by the presence of the component band B in the deconvoluted spectrum of heated-treated Li-montmorillonite (Fig. 2b) . The Na and K cations probably move towards the negatively charged octahedral sheet but not far from hexagonal cavities, as indicated by the small observed differences between their <A>2 values and those from the spectra of Rb-and Cs-montmorillonite. Another possible explanation is that the differences in <A>2 arise from the different field strength of each cation. However, the data of Katajima, et al. (1991) show that the different interlayer cations have only a slight influence on Si-Oapical vibrations and therefore the effect of the cation field strength cannot explain the Li-montmorillonite behaviour. These observations are in agreement with recent results related to the different swelling and dispersion behaviour of montmorillonite saturated with different cations after heat treatment (Chorom & Pengasary, 1996) . The authors concluded that Li + ions migrate to vacant octahedral sites forming covalent bonds after heating at 200~ while larger cations such as Na + or K + do not migrate into these sites even at 400~ Very recently Alba et al. (1998) studied the chemical behaviour of Li ion in re-expanded montmorillonites from Spain using a variety of methods including IR spectroscopy. Those authors have attributed the observed changes in IR spectra upon heat treatment to a distortion of the tetrahedral sheet by Li + migration and a decrease in the water content of the samples. They observed that the Si O band envelope was restored after a hydrothermal treatment of the clay, i.e. heating at 300~ for 24 h under an atmosphere of water vapour at 8.5 MPa. This observation, in conjunction with evidence from the other methods, led the authors to conclude that Li + ions occupy sites in the bottom of the pseudohexagonal holes in the tetrahedral sheets.
However their sample had a large tetrahedral substitution (41% of the total charge deficit), while that of our sample is near to 25%. It is likely that the large tetrahedral substitution in their sample favours the diffusion of a significant fraction of the Li § to the tetrahedral sheet. As these cations occupy sites neighbouring the interlamellar space they are easier to extract after the hydrothermal treatment. Moreover, the authors state that the hydrothermal treatment causes irreversible damage to the silicate structure. It is also probable that this damage restores mobility to the Li +, hosted either in tetrahedral or octahedral sites, and facilitates its re-entrance into the interlamellar space and its rehydration.
CONCLUSIONS
Infrared reflectance spectroscopy applied to a montmorillonite clay saturated with different alkali cations provided evidence about the ability of the different interlayer cations to migrate into the structural sheets. Deconvolution of the IR absorption profiles of the Si-O vibrations reveals large variations in the normalized IR absorption areas, <A>, of the component bands in the case of Limontmorillonite. The small differences in the <A> values Of silicon-apical oxygen vibrations, for Rband Cs-montmorillonites were attributed to the inability of these cations to enter fully the hexagonal holes. The spectra of Na-and Kmontmorillonites showed a small increase in <A>2, which probably indicates movement into the hexagonal cavities. Finally, the large increase in <A>2 in the case of Li-montmorillonite, was attributed to diffusion of the Li cations near or to vacant octahedral sites, causing a decrease in the layer charge.
